Abstract. Medullary thyroid carcinomas are aggressive neoplasias that metastasize very early to loco-regional lymph nodes, and tumors with a desmoplastic stromal reaction have a higher incidence of lymph node metastasis. In order to characterize the desmoplastic response in thyroid cancers, we evaluated the expression pattern of three molecular markers of activated fibroblasts/myofibroblasts, namely, fibroblast activation protein α (FAPα), tenascin-C (Tn-C), and α-smooth muscle actin (α-SMA), as well as the endothelial markers endoglyx-1, CD34 and CD31 in a series of 28 metastatic and non-metastatic medullary thyroid cancers. Immunohistochemical studies demonstrated that the three fibroblast activation markers (FAPα, Tn-C, α-SMA) are consistently expressed in the peritumoral and intratumoral stromal compartment of medullary thyroid carcinomas and expression of FAPα and Tn-C correlated with the degree of desmoplasia determined histologically (p=0.001 for FAPα and p<0.001 for Tn-C). Moreover, the extent of desmoplasia as well as the expression of FAPα and Tn-C correlated with the presence of lymph node (LN) metastases (p=0.002, p=0.005 and p=0.002, respectively). No correlation was found between the microvessel density (neoangiogenesis) in the tumor stroma, assessed with the endoglyx-1, CD34 and CD31 markers, and the degree of desmoplasia or incidence of LN metastases. Using a bioinformatics-based search of the BioExpress™ database we found in a series of 48 thyroid cancers a significant correlation between FAPα RNA expression and incidence of LN metastases also in papillary cancers. These findings suggest that the link between specific molecular markers of tumor stromal reaction and locoregional metastasis extends from medullary to other thyroid cancer types.
Introduction
Medullary thyroid carcinoma (MTC) accounts for 3-10% of all thyroid cancers (1) . It is derived from the thyroid parafollicular calcitonin-secreting cells (C-cells) and preferentially invades the intrathyroidal lymphatics and the regional lymph nodes (2) (3) (4) . One distinctive feature of this tumor is the formation of a desmoplastic stroma reaction, which may be accompanied by amyloid deposition. Recent data by our group indicate that the incidence of lymph node metastasis is higher in MTC with a desmoplastic stroma irrespective of the tumor size (5, 6) .
In many carcinomas, the activation of the host stroma appears to be an indicator of tumor invasion (7) (8) (9) (10) . The reactive stroma, composed of activated fibroblasts also known as myofibroblasts or cancer associated fibroblasts (CAFs), tumor vessels, inflammatory cells and extracellular matrix components exhibits features analogous to the wound healing process (7) . The complex interplay between these different components leads to a remodeling of the extracellular matrix which may promote angiogenesis, tumor cell growth, tumor invasion and metastasis (8) (9) (10) . The extent of the stroma reaction is, however, highly variable among different tumor types and within individual tumors (11, 12) .
Recent studies have focused on activated fibroblasts, or CAFs, as the stromal cell types of particular relevance for cancer development and progression (13) (14) (15) . These activated stromal cells are the source of a variety of regulatory mediators and express markers such as fibroblast activation protein α (FAPα) (16, 17) , tenascin-C (Tn-C) (18, 19) and α smooth muscle actin (α-SMA) (20, 21) .
FAPα is a type II serine protease capable of degrading gelatin and type I collagen. FAPα is selectively expressed by the reactive stromal fibroblasts of several types of human epithelial cancers and in the granulation tissue of healing wounds. Epithelial tumor cells as well as stromal fibroblasts of benign epithelial tumors and most normal adult human tissues lack FAPα expression (16, 17, (22) (23) (24) (25) (26) .
Tn-C is an extracellular matrix glycoprotein that contributes to pattern formation during development, promotes cell migration, inhibits cell adhesion to fibronectin, and induces tumor proliferation and metastasis in model systems (18, (27) (28) (29) (30) .
In carcinomas, Tn-C is commonly expressed in the tumor stroma and in certain cancer types in the tumor cells themselves and its expression may correlate with the aggressiveness of the tumors (31) (32) (33) (34) (35) .
In addition to CAFs, endothelial cells represent another element of the reactive tumor stroma. The process of neoangiogenesis and its role in the growth of solid tumors is well established (36, 37) and several studies have shown a correlation between hot spots of microvessel density (MVD) and the invasiveness of solid tumors (38, 39) .
The present study was designed to analyze the desmoplastic tumor stroma in 28 cases of medullary thyroid cancer (MTC). The expression patterns of FAPα, Tn-C and α-SMA in the activated tumor stromal fibroblasts were correlated with the presence of lymph node metastasis. In addition, the extent of neoangiogenesis was studied with monoclonal antibodies to endoglyx-1 (41), PECAM (CD31) and CD34, and the results were correlated with the presence of desmoplasia and lymph node involvement. Moreover, the study of medullary thyroid cancers for FAPα, Tn-C and α-SMA expression was compared with bioinformatics methods to the corresponding mRNA expression patterns in other thyroid cancer types.
Materials and methods
Study population. The study group consisted of 28 cases of pathological confirmed medullary thyroid carcinomas (MTC). The cancer samples were collected at the Department of Pathology, Medical University of Vienna, in accordance with the guidelines of the institutional ethics committee. The samples were embedded in O.C.T. compound (Tissue Tec ® , Sakura Finetek , Zoeterwoude, The Netherlands), frozen in liquid nitrogen and stored at -70˚C until further use. Formalinfixed, paraffin-embedded tissue samples were available from all cases. Serial 4-μm frozen sections and 3-μm sections from paraffin-embedded material were cut and used for immunohistochemical analysis, one adjacent section was stained with hematoxylin and eosin (H&E) and used for histopathological evaluation.
Immunohistochemistry. The avidin-biotin immunoperoxidase complex (ABC) was carried out as described previously (31) . The source of the primary antibodies, working concentration and methods of detection are described in Table I . Briefly, slides were incubated overnight at 4˚C with the primary antibodies followed by incubation with biotinylated secondary antibodies and the avidin-biotin peroxidase complex (ABC) using the Vectastin ABC kit (Vector Laboratories, Burlingame, CA).The final reaction was visualized with 3,3' diaminobenzidine. Negative controls included substitution of primary antibodies by nonspecific, isotype-matched antibodies. Sections were counterstained with Harris' hematoxylin. The expression of the stromal markers Tn-C, FAPα and α-SMA was evaluated in all samples in two different tissue compartments, namely, the intratumoral compartment and the peritumoral/perinodular stroma compartment. Immunoreactivity was graded as follows: negative (-); weak (+); moderate (++) and strong (+++). The microvessel density (MVD) was quantified as described (40, 41) .
Histological evaluation. The presence of desmoplasia was determined on H&E-stained sections by two pathologists (OK, KK) with expertise in thyroid pathology in a blinded manner. A desmoplastic stroma reaction (desmoplasia) was defined as the presence of a newly formed collagenous stroma surrounding the clusters of tumor cells and not present in the non-neoplastic thyroid parenchyma. The grade of desmoplasia was recorded as being negative (-), low (+), moderate (++) or strong (+++).
Statistical evaluation. The correlation between the histological grade of desmoplasia, the expression of the stromal markers (Tn-C, FAPα and α-SMA) and the occurrence of lymph node metastases was evaluated in all cases of MTC. The KruskalWallis and the Mann-Whitney tests were used as appropriate. A two-tailed p-value of <0.05 was considered as significant.
In silico expression analysis. For in silico RNA-expression analysis, box and whisker plots were generated with the statistical computing package R based on normalized gene Table I . Primary antibodies. 
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expression data extracted from the BioExpress™ database (Gene Logic Inc., Gaithersburg, MD, USA) as reported (42) . The bold center line in the box indicates the median, its left and right boundaries showing the first and third quartile of the data. Whiskers extend to 1.5 times the interquartile range; the position of extreme values, if above the upper whisker limits, are marked by a dot. The human sample collection has been described by the originator of the BioExpress™ database (42) . The respective hybridizations were performed on Affymetrix HG-U133A/B oligonucleotide chips (Affymetrix Inc., Santa Clara, CA, USA); briefly, these chips are based on 25-mer oligonucleotides and allow the detection of more than 33,000 well-substantiated human genes, with probe sets of 11 oligonucleotides used per transcript.
Statistical analysis.
Resultant chip analysis data were normalized with the statistical algorithm implemented in the Microarray Suite version 5.0 (Affymetrix Inc.). According to this algorithm, the raw expression intensity for a given chip experiment is multiplied by a global scaling factor to allow comparisons between chips. The scaling factor is calculated by removing the highest 2% and the lowest 2% of the values of the non-normalized expression values, and calculating the mean for the remaining values, as a trimmed mean. One hundred divided by the trimmed mean gives the scaling factor, where 100 is the standard value used by Gene Logic. Statistical significances of the differences between tumor and normal samples were verified by calculating t-test p-values. The Affymetrix identification code for FAPα is 209955_s_at, 201645_at for Tn-C, and 200974_at for α-SMA.
Results
Patient data and tumor morphology. The study cases included 11 male and 17 female patients with a mean age of 57±14 years, ranging from 24 to 82 years. The mean tumor diameter was 15.2±13 mm, ranging from 2 to 50 mm. All tumors showed typical MTC histology according to WHO criteria Table II . Clinicopathologic data of medullary thyroid carcinoma. 1  32  f  pT1a  8  ---2  42  f  pT1a  4  ---3  55  f  pT1a  3  ---4  58  m  pT1a  10  --+  5  66  f  pT2a  39  ---6  55  m  pT2a  11  --+  7  64  m  pT2a  22  ---8 +  +  19  56  f  pT2a  12  -+  -20  24  f  pT2b  12  +  +  -21  71  m  pT1a  7  -+  +  22  64  f  pT2a  13  -+  -23  82  f  pT2a  15  -+  -24  48  f  pT4b  30  +  +  -25  66  f  pT4a  18  -+  +  26  57  m  pT4a  35  -+  -27  76  m  pT2a  40  -+  -28  72  m  pT4a  50  - 
a UICC 1997.
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and calcitonin expression by immunohistochemistry. Fourteen cases were classified as pT1, therefore considered microcarcinomas, ten cases were pT2 and the remaining four cases were diagnosed as pT4 according to the UICC 1997 guidelines. Multifocality was seen in 7 patients, all these were familial. Concomitant C-cell hyperplasia (CCH) was found in 14 cases (8 sporadic, 6 hereditary cases). Twelve MTC had metastasized to the regional lymph nodes (Table II) . Latent papillary thyroid microcarcinoma was found in the adjacent thyroid gland in three of the 28 patients with MTC. Five of the 28 patients showed evidence of autoimmune thyroiditis, and thirteen patients displayed nodular thyroid disease.
Histopathology. Desmoplasia was found in 23 of 28 (82%) tumors studied. The grade of desmoplasia was low in 3 (11%), and moderate to strong in 20 (71%) of the cases. Five tumors (18%) had no desmoplastic stroma reaction (Table III) . Examples of MTC with prominent, moderate and no desmoplasia are shown in Fig. 1a, d and g.
Expression patterns of Tn-C, FAPα and α-SMA in the tumor stroma. In the normal thyroid gland no Tn-C and FAPα expression was observed within the stroma or in the follicular epithelium and the expression of α-SMA was confined to the smooth muscle cells/pericytes in the vasculature. In contrast, all three markers were strongly upregulated in the tumor stromal fibroblasts of MTC (Table III) . Tn-C expression was seen in the majority of cases both in the intratumoral and peritumoral stroma compartment. The expression within the intratumoral compartment was moderate to strong in sixteen cases (Fig. 1b) , ten tumors showed weak expression, and the two remaining were negative (Fig. 1h) . Tn-C expression in the peritumoral compartment appeared to be more homogeneous with moderate to strong expression seen Table III . Characterization of the tumor stroma in MTC. --------------------------------------------------------------------------------------------------- 
----------------------------------------------------------------------------------------------------
-, negative; +, low; ++, moderate; +++, strong; *, not available. in twenty-one cases (Fig. 1e) and low in the remaining seven cases. A significant correlation between the intratumoral Tn-C expression and the grade of desmoplasia was demonstrated (p<0.001). Tn-C expression appeared to be localized to the tumor stromal fibroblasts (Fig. 1b) , in other instances it appeared as a secreted protein filling the intercellular spaces (Fig. 1e) , and in the vascular smooth muscle cells. In addition, intracytoplasmatic staining of tumor cells was observed in seven cases (data not shown). Induction of Tn-C was observed in areas of CCH (Fig. 2b) .
-----------------------------------------------------------------------------------------------------
FAPα was seen in the activated tumor stromal fibroblasts of the peritumoral and intratumoral compartment in most cases. Prominent intratumoral immunoreactivity (Fig. 1c) was seen in eleven cases, all of which were classified histologically as having prominent desmoplasia. Eleven cases showed weak FAPα expression and six cases were negative (Fig. 1i) . In the peritumoral stromal compartment, the expression of FAPα was moderate to strong in twenty cases (Fig. 1f) , and weak in six cases. In the remaining two cases no peritumoral frozen tissue was available for analysis. The correlation between FAPα expression in the intratumoral stromal compartment and the grade of desmoplasia determined histologically was highly significant (p=0.001).
FAPα expression was observed in areas of concomitant CCH in fibroblasts surrounding the clusters of calcitoninpositive C-cells (Fig. 2c) .
α-SMA expression was seen in all cases of MTC ( Fig. 3a  and b) . The intratumoral expression of α-SMA was moderate to strong in twenty cases (Fig. 3b) and low in the remaining eight cases which displayed only few intratumoral α-SMApositive myofibroblasts. Twenty-six cases (93%) showed moderate to strong immunoreactivity in the peritumoral stroma . In silico analysis of stromal markers in metastatic and non-metastatic papillary thyroid cancers. For expression analysis, whisker-box plots were generated using the statistical computing package R, based on normalized gene expression data from BioExpress R database (Gene Logic). Box plots represent the range from the first quartile (25%) to the third quartile (75%) of the distribution. The bold lines in each box indicate median values (50% quartile); the whiskers extend to 1.5 times the interquartile range. Expression patterns for FAPα, Tn-C and α-SMA are shown for metastatic (red boxes) and non-metastatic papillary cancers (green boxes), and normal thyroid tissue (yellow boxes). The p-values relate to the expression differences of metastatic vs. non-metastatic carcinomas calculated by Student's t-tests.
( Fig. 3a) with low expression in the remaining two cases. The intratumoral expression of α-SMA did not correlate significantly with the extent of histological desmoplasia (p>0.05).
In the thyroid tissue surrounding the MTC, an expression of FAPα and TN-C was observed in fibroblasts surrounding the clusters of lymphocyte infiltration whenever a thyroiditis was present.
Expression patterns of endoglyx-1, PECAM (CD31), and CD34. The vascular markers endoglyx-1, PECAM (CD31), and CD34 were used to analyze the extent of vascularization in MTC. All three markers were expressed by the endothelial cells in the normal thyroid gland and by the tumor blood vessels (Fig. 3c and d) . In addition, CD34 expression was seen in the normal fibroblasts of the non-involved thyroid gland adjacent to the tumor nodules but not in the activated tumor stromal fibroblasts (Fig. 3d) . A mean MVD of 56.71 was found, with a range of 23 to 108 blood vessels per 0.25 mm 2 of tumor area. No correlation was found between MVD, the grade of desmoplasia, the upregulation of the stromal markers or the presence of lymph node metastasis.
Correlation between tumor size, desmoplasia, expression of stromal markers and lymph node metastasis. A significant correlation was observed between the grade of desmoplasia and the presence of lymph node metastasis. The twelve cases with lymph node metastasis showed prominent desmoplasia at the histological level (p=0.002). In contrast, no lymph node metastasis was observed in cases with low or no desmoplasia. Similarly, the intratumoral expression of Tn-C and FAPα showed significant correlation with nodal involvement (p=0.002 for Tn-C; p=0.005 for FAPα).
Neither the presence of lymph node metastasis, the extent or presence of desmoplasia nor Tn-C and FAPα expression were correlated to tumor diameter.
In silico analysis of thyroid cancers. Microarray studies have allowed the analysis of thousands of genes simultaneously and the relative ease and speed of performing eNortherns in the BioExpress database has provided a comprehensive view of the genetic changes in normal and disease tissues, thus representing a high-throughput approach for identifying putative regulators of cancer stroma induction that may show distinct patterns of co-regulation in normal and tumor tissues.
The expression levels of FAPα, Tn-C and α-SMA in thyroid cancers were analyzed by querying the Gene Logic Bioexpress database (see Materials and methods). In this database, we obtained the respective gene-expression profiles for a set of 48 thyroid cancers including three anaplastic carcinomas, 6 follicular carcinomas, 2 medullary carcinomas, and 37 papillary carcinomas. The control set of normal thyroid consisted of histologically normal thyroid gland obtained from patients with thyroid cancer (n=29). Sample diagnoses and clinical data were taken at face value from the database.
Compared to normal thyroid tissue we found FAPα and Tn-C upregulated in the 48 cancers. In 17 papillary carcinomas data on the lymph node status were available. We observed a prominent upregulation of FAPα transcripts (4.2-fold change) in metastatic thyroid cancers (n=9) compared to the lymph node (LN) negative cancers (n=8) (p=0.003). In addition, we found a 2.8-fold upregulation of Tn-C transcripts in the metastatic thyroid cancers when compared to the non-metastatic lesions (p=0.12). In contrast, the expression of α-SMA appeared to be only slightly increased in the metastatic cancers compared to the non-metastatic tumors (p=0.82) probably reflecting the fact that α-SMA is expressed in cell types other than the activated tumor stromal fibroblasts, such as vascular smooth muscle cells in the normal and tumor vasculature (Fig. 4) .
Discussion
We have shown previously that MTC with a desmoplastic stroma reaction have a higher incidence of lymph node metastasis (5, 6) . In this study, we have examined the expression pattern of three molecular markers of activated stromal fibroblasts, namely, FAPα, Tn-C and α-SMA as well as the endothelial markers endoglyx-1, CD34 and CD31 in a series of 28 metastatic and non-metastatic MTC. We demonstrate that all three fibroblast activation markers (FAPα, Tn-C and α-SMA) are consistently expressed in the peritumoral and intratumoral stromal compartment of MTC. This stromal cell phenotype differs from the stromal cells of the normal thyroid gland, which is composed of CD34 + , FAPα -, Tn-C -and α-SMA -fibroblasts. A significant correlation was observed in our study between the degree of desmoplasia determined histologically and the expression of FAPα and Tn-C. Moreover, the extent of desmoplasia as well as the expression of FAPα and Tn-C correlated significantly with the presence of lymph node metastases, a novel finding derived from this analysis. Expression of FAPα in activated tumor stromal fibroblasts has been shown to occur in a large proportion of human epithelial cancers and in melanocytic skin tumors (16, 23, 24) . In these tissues, FAPα functions as an active serine protease capable of degrading type I collagen, and dipeptidyl-peptidase activity, thus suggesting that FAPα may be involved in direct remodeling of the extracellular matrix during cancer invasion or modification of regulatory mediators (17, 24) . Our results on Tn-C expression in MTC are in agreement with a recent study showing Tn-C expression at the protein and mRNA level in thyroid cancer (43) . Upregulation of Tn-C has been demonstrated in many human cancers (32, 44) , and this increased expression correlated with poor prognosis and increased invasiveness in some studies (33, 34) . Interestingly, our results indicate that the stromal activation is an early event in the process of tumorigenesis in MTC. FAPα and Tn-C expression were seen in the stroma of microcarcinomas and in areas of concomitant CCH. Similar observations have been made for Tn-C expression in pre-cancerous lesions of other organs, such as the prostate and cervix (45, 46) . In addition, FAPα and Tn-C expression were observed in areas of autoimmune thyroiditis accompanying some of the MTC cases consistent with their link to inflammatory tissue remodeling.
No correlation was found in our cases between the microvessel density or hot spots of neoangiogenesis and the degree of desmoplasia or incidence of lymph node metastases. We have extended the molecular characterization of the desmoplastic tumor stroma to other types of thyroid cancer, focusing on the expression of FAPα, Tn-C and α-SMA using the BioExpress database for a bioinformatics search of specific mRNA transcripts. Unfortunately this database harbours only two cases of medullary thyroid carcinoma. However the key finding of this analysis was the significant correlation between FAPα RNA expression and incidence of LN metastases in a series of 17 thyroid cancers of papillary type.
In summary, our findings show that FAPα and Tn-C constitute markers of tumor stroma activation in MTC and suggest that the link between specific molecular markers of tumor stromal reaction and loco-regional metastasis extends from medullary to other thyroid cancer types. Functional studies are required to determine a potential role of these proteins in the process of LN metastasis. Conceivably, the molecular characterization of the stromal reaction in MTC may provide future guidance for the surgical strategy of cervical lymph node resection.
